This paper presents a novel synthesis of well characterized nanoporous materials. The development of mesoporous TiO 2 with the use of crosslinked polymer network as structure and surface texture directing agent is reported in this study. Randomly cross-linked DMAEMA-50-PEGMA-50-EGDMA1 was synthesized by radical polymerisation to be used as removable scaffold. The resulting materials were characterized by powder X-ray diffraction (pXRD), nitrogen adsorption, scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FT-IR), differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA). The synthesized oxides morphology was strongly influenced by the polymer network used as removable scaffold. The modified materials exhibited a narrower pore size distribution and marginally higher specific surface area compared to the unmodified samples. The scaffold cross-linking ratio was also found to have a significant effect on the synthesized materials polymorph. The modification has a strong effect on the titania polymorph as the anatase-rutile transformation was observed only for the modified titania samples.
Introduction
Titania-based materials have rapidly attracted great attention due to important applications in photo-catalysis [1] [2] [3] [4] [5] , chemical sensors [6] and solar cells [7] among many others. These materials find significant applications in a wide variety of fields. Most of their useful functions depend not only on the Hence the synthesis of these materials has been attracting intense interest and great efforts have been made to obtain metal oxide structures with fabricated morphologies [8] - [13] .
Previous work has been conducted in the porous solids research group of the University of Cyprus, including the synthesis of porous oxides by investigating methods of improvement of these materials properties. These porous metal oxide modifications include the synthesis of mixed ceria with transition metals [8] [9] , mixed metal oxide phases with the use of different solvent systems [10] and the use of templates such as humic acid [11] and CTAB [12] [13] . The results of this previous work showed that the use of these modifications played an important role in the formation of the target products and improved their structural characteristics. Many other materials have also been used as supports in several reports in literature for the synthesis of porous oxides, proving that their use altered and improved the synthesized materials surface properties and that presaged that this process would possibly lead to novel porous materials. This paper proposes a novel strategy for the design in synthesis of mesoporous materials with the use of swellable polymer networks used as scaffolds. Previous reports use different materials that have a templating effect towards the precursor. In such cases the organic material acts as central formation about which the precursor moieties organize and by this way a material influenced by the template is formed [14] . In this paper, we show a novel path by using a removable scaffold used both as a structure and surface texture directing agent, influencing the resulting material and at the same time acting as a reaction vessel.
Many reports in literature in regards to the synthesis of titania with the use of templates show the growing interest in new synthesis methods for this material over the last years. Additionally, it is in many cases shown that the use of organic supports enhanced the synthesized materials properties by manipulating their porous structure and surface characteristics. In particular, TiO 2 fibres were reported to be fabricated under autogenous pressure, using activated carbon fibres as templates with no consumption of organic solvent providing an environmentally friendlier synthesis route in comparison to using organic solvents [15] . 20 H (Pluronic P-123) was also used successfully as template material to synthesize semicrystallized mesoporous TiO 2 thin films with hexagonal mesoporous structure [16] .
Activated carbon templates were also reported to be used as templates in a sol-gel synthesis employing titanium (IV) tetraisopropoxide (TIP) as a precursor where very high surface area titania was obtained possessing micropores and mesopores [17] . The synthesis of titania with improved photocatalytic activity on the degradation of a methyl Rhodamine B (RhB) was reported with modified titania prepared by a controlled hydrothermal precipitation using resorcinol-formaldehyde resin spheres as templates in aqueous solution [18] . Improved catalytic activity was also reported with the use of plants skins as templates and as a precursor. All of the synthesized mesoporous titania samples exhibited similar morphologies to those of the original templates confirming the template effect on the morphology and photocatalytic properties of the synthesized material [19] .
Porous titania which had the anatase structure and high surface area was synthesized with the use of cellulose nanocrystals as template [20] . Mesoporous titania can also be synthesized with the use of more than one templates with the combination of pluronic P123 and poly ethylene glycol templates and acetic acid as the hydrolytic retardant with extremely high crystallinity achieved during synthesis process. The resulting material was reported to have remarkable thermal stability and improved photocatalytical properties [21] . The preparation of aligned titania nanowires was also reported with the use of carbon nanotube/ hydrogel composite template [22] .
The use of these templates played an important role in the formation of the precipitates and improved the structural characteristics of the synthesized materials. In this work, a novel alternative methodology was implemented with the use of swellable polymer networks as removable scaffolds where the material was synthesized into the scaffolds net-like structure using the polymer network itself as both a reaction vessel and a structure directing agent.
Experimental

Materials
The chemical reagents used were reagent grade (Aldrich Germany) and were used without further purification. The compounds used were, 2 (dimethylami- Figure 1 shows schematically the structure of the cross-linked polymer network DMAEMA-50 -PEGMA-50 -EGDMA 1 . As can be seen, the presence of cross-links causes loops of the chains to be formed, creating an internal void, in which solvent molecules can be inserted, leading to the swelling. This creates the space in which the precipitation reaction can take place. By changing the proportion of cross-linker used, the size of the loops can be controlled, and thus the available space. In order to assure that the precipitation was held inside the scaffold and not on its surface, synthesis conditions were employed to provide slow precipitation for the TiO 2 to assure that both the precursor and the precipitating agent were diffused inside the gels net like structure.
Modified Titania Preparation
Titanium (IV) butoxide was diluted in anhydrous ethanol (10% Ti 4+ /Ethanol).
The polymer gel was dispersed in 60 ml of the solution for 24 h under moderate stirring. The swollen gels were washed with anhydrous ethanol in order to remove any precursor traces left outside the gels volume. After the swollen scaffold was washed, it was dispersed in water/ethanol 33% mixture for 24 h and a precipitate was formed inside the gels structure giving the gel a white colour forming the "as-prepared sample". The resulting "as-prepared sample" was washed several times with ethanol/water mixtures and dried under vacuum at 60˚C overnight. Then the product was calcined at 500˚C for 3 h with a heating rate of 6˚C min −1 and a white solid was obtained. The same procedure was carried out without the use of scaffold so as to obtain the "unmodified TiO 2 ". The experimental procedure is illustrated in Figure 2 . 
Characterization
Nitrogen adsorption isotherm measurements were carried out at 77 K using an ASAP 2010 Micrometrics apparatus. The samples were degassed prior to the measurements at 393 K for 24 h. The BET equation was used to calculate the specific surface areas, while pore size distributions were estimated using density functional theory (DFT) methods using the supporting DFT-plus software employing a slit shaped pore model (meaning a pore length which is much longer than the other two dimensions. Scanning Electron Microscopy images were obtained to examine the materials morphology with the use of a JEOL JSM-5600 instrument. The thermal stability was studied by thermogravimetric analysis (TGA) using a Shimadzu apparatus. The measurements were carried out in air up to 1073 K and the heating rate was 6 K·min −1
. Differential scanning calorimetry (DSC) was further used, using a model Q1000 by Thermal Instruments with a heating rate of 6 K·min −1 in the temperature range of 313 -873 K. FTIR measurements were performed using a Shimadzu spectrometer (FTIR-8501) with
KBr powder as diluent. For the polymer networks, ATR-FTIR was used. Powder X ray diffraction measurements were carried out on a Shimadzu 6000 diffractometer using Kα radiation (λ = 0.15478 nm).
Results and Discussion
The adjustment of the proper calcination conditions was crucial in order to achieve the successful and complete removal of the scaffold. The calcination temperature should be high enough to achieve the clean removal of the scaffold, but at the same time sintering of the synthesized materials needs to be avoided as this would reduce the specific surface area and increase the particle size of the product. Additionally, the material could lose its initial scaffold-fabricated characteristics due to the extensive crystallization. In order to achieve the optimal calcination conditions and to confirm the removal of the scaffold, the materials were characterized by thermogravimetric analysis (TGA/DSC) as shown in Fig Based on the TGA/DSC trace and the N 2 adsorption measurements (to confirm the unblocking of the pores) for the as synthesized Gel-TiO 2 samples, the optimal calcination conditions were determined. For the removal of the organic scaffolds, the samples were calcined at 500˚C for 3 h with a heating rate of 6˚C/min.
The crystallite size and the polymorph for each of the synthesized samples were determined by powder XRD. Figure 4 shows the diffraction patterns of the as synthesized Gel-TiO 2 and unmodified TiO 2 after calcination at 500˚C for 3 h.
As can be inferred from the diffractograms, the diffraction peaks in the case of the unmodified sample match those of TiO 2 anatase while for the modified titania samples, a mixed phase of anatase/rutile TiO 2 is present. Additionally, no (101), (111), (211) and (220) planes respectively indicating TiO 2 in rutile phase [23] . The average crystallite sizes were calculated by the Debye-Scherrer equation as represented in Table 1 . As it can be seen, the rutile crystallite size is larger than the anatase Figure 4 . XRD diffractograms of unmodified and modified titania with 1% crosslinker after calcinations at 500˚C for 3 h. crystallite size for the corresponding synthesis conditions. Presumably, the scaffolds ability to promote the mixed anatase-rutile titania phase could be attributed to the steric hindrance caused by the scaffolds net-like formation as the crystallization takes place in the voids formed by the loops of the polymer networks. It is noted that rutile is the polymorph with the higher density (4.25 These results suggest that the mechanism by which the scaffold influences the synthesis is not through an effect on the crystallite size, which would impact upon the surface area, but on the way crystallites assemble to form the particles.
The N 2 adsorption isotherms and pore size distributions of unmodified samples in comparison with the corresponding modified materials using 1% cross-linker calcined at 500˚C for 3 h are shown in Figure 6 and Figure 7 .
As can be seen in Figure 6 , the unmodified material exhibits a type II iso- Figure 7 , it can be seen that the pore size distribution of the modified material was much narrower compared to the pristine titania showing that the modification is responsible for a more organised mesoporous structure of the synthesized titania. The source of porosity in the materials prepared in the gel matrix is the way crystallites organise in the primary and secondary particles, and not from the crystal structure, as is the case for zeolites.
However, repeated measurements of the nitrogen isotherms on separate samples give the same results, indicating these to be real pores, and not due to aggregation. The pristine and modified material possessed a pore volume of 0.14 cm Table 1 . Figure 8 and Figure 9 show the N 2 adsorption isotherms and pore size distributions respectively of modified titania synthesized with the use of polymer network as scaffold with different degrees of cross-linking. The nitrogen adsorption isotherm for the 1% cross-linker sample presented in Figure 6 and repeated here for comparison, is of type IV in the IUPAC classification indicating the presence of mesopores. The isotherms for the samples prepared from gels with higher cross-linker content were of type II, as was the case for the unmodified sample. However, the hysteresis loop moved The texture of the material is influenced by the structure of the scaffold, and in particular the distance between the cross-linking moieties, and therefore it is expected that higher cross-linking will result in a product with a more open porous structure and increased average pore diameter. The results obtained in N 2 adsorption measurements and XRD measurements are summarised in Table 1 . Examination of the data in Table 1 , suggests that increasing the cross-linker content to 1.5% and up to 4%, leads to samples with BET surface areas similar to those of the pristine sample, whilst keeping the pore size distribution narrower, and the pore system better organised than for the pristine sample. Comparing the pristine sample with that prepared in the presence of the 1% cross-linker Gel, indicated that the crystallite size is similar for both samples, but the pore size distributions are widely different, suggesting that crystallization in the confined space provided by the scaffold, resulted in a different organization of the crystallites, resulting in different textures.
In order to assess the structural properties of the synthesized samples and to determine the functional groups present FTIR spectroscopy was used. The spectra were obtained in the wavelength region of 4000 -500 cm −1 . Figure 10 shows the FTIR spectra of polymer network DMAEMA-50 -PEGMA-50 -EGDMA 1 and synthesized composite TiO 2 -Scaffold prior to calcination. The presence of Ti-OH stretching vibration is confirmed by the broad band near 3440 cm −1 [19] .
Bands at 2935 cm [26] . The band at 500 -800 cm −1 was assigned to Ti-O-Ti asymmetric stretching [19] [27] [28] . The FTIR spectrum of the modified titania after calcination is shown in Figure 11 . As it can be seen, there are no bands associated with the organic scaffold therefore it is confirmed that the scaffold was removed.
However, small band at 1390 cm −1 indicates that there was a small quantity of residual carbon present. The peaks shown at 1638 cm −1 and 3440 cm −1 indicate Figure 10 . FTIR spectra of scaffold and as synthesized material prior to calcination. The synthesized, modified and unmodified materials morphology was examined with scanning electron microscopy (SEM) as shown in Figure 12 . As seen, the modified material exhibits a more loose texture when compared to the unmodified one.
It is shown that the modified samples exhibit similar morphologies, with an apparently more loose texture in comparison to the corresponding pristine samples. It is assumed that the slit shaped void spaces have occurred after the removal of the scaffolds and were shaped during the removal of the organic material. It is suggested that the creation of new Ti-O-Ti bonds leading to the synthesis of the titania lattice within the confines of the swollen gel, leads to the exclusion of water from that environment. Since it is the water molecules that cause the swelling, their removal led to shrinkage of the polymer network, which reduced the space available to the growing oxide lattice. This caused the extrusion of the precipitating solid from the inside of the gel, and may explain the observed morphology. The pristine samples seem to have a more rigid structure with less porosity.
The precipitation reaction in the swollen scaffold led, presumably, to the synthesis of the polymorph which is stable at room temperature, anatase, but the anatase to rutile phase transition is known to be facile. As titania crystallites accumulated in the constrained environment, constricting it even further, this provided the impetus for some of the crystallites to undergo an anatase to rutile phase transition. This took place on the surface of small crystallites, where Ti 4+ and O 2− ions would be hydrated, and moved from an anatase structure arrangement to a rutile one, presumably with the assistance of hydrogen bonded water molecules. This would expose a new surface where further ion movement would be able to take place.
The modified materials showed a narrower pore size distribution, and a 
Conclusion
Modified titania has been successfully synthesized with the use of the polymer network DMAEMA 50 -coPEGMA 50 -co-EGDMA 1 as a removable scaffold. We have also studied the precipitation of different metal oxides including ceria where the polymer network had a different effect on the porosity of the synthesized materials, showing that the scaffold-ceria interaction was different from the scaffold-titania [29] . This indicates that the precursor interaction with the polymer network also has a significant effect on the resulting materials. The interpretation of these results, points out that this scaffold provides us with control of the solids morphology. It was hoped that by increasing the cross-linker content of the gel would lead to a more organised environment, but that did not obtain. Given the fact that the polymer networks have a semi-regular structure, this gives a way of synthesizing mesoporous materials by adjusting the gels characteristics. We hope to use other swellable polymer networks with equally spaced cross-linking in order to synthesize better organised porous solids. This synthesis strategy provides us with better control of the solids morphology as we can control and adapt the gels properties according to our needs. A new family of porous materials with unique properties can be produced as this method can be potentially extended to many new fields of materials synthesis.
